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Abstract 
Eutectoid steel wires are heat treated at isothermal temperatures to generate not only pearlitic microstructures but also bainite 
and martensite. These wires are subsequently drawn to increasing strain levels. The microstructural evolution is observed using 
scanning electron microscopy SEM and transmission electron microscopy TEM. Measurements of the lamellar spacing at 
different drawing stages reveal a thinning and a branching of the lamellae. In addition to this, the type of heat treatment 
influences the appearance of the lamellae and the formation of fine carbides. A numerical model was employed to compute the 
deformation conditions and the interlamellar spacing. The transformation and dissolution of cementite, branching of cementite 
and diffusion along dislocations were analysed with respect to various models from the scientific literature. 
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1. Introduction  
Wire is employed in severely loaded components: such as steel rope, in cranes, elevators and as tyre cords. 
Owing to its good combination of strength and formability properties, pearlitic wire having a eutectoid 
composition is frequently employed. The fraction of cementite in pearlitic steels amounts to only 10 % to 20 % of 
the volume, however, this fraction mainly determines the mechanical properties. The strength of pearlitic steels is 
inversely proportional to the square root of the cementite lamellar spacing (Langford, 1977). Thus the plasticity of 
pearlitic wire will be increased with decreasing lamellar WKLFNQHVV. The carbon concentration in the ferritic matrix 
and the lamellar spacing can be specified by heat treating 0DNDURYHWDO 
 
1.1. Lamellae of pearlite and its change following deformation 
Cementite lamellae can be characterised by thHLUWKLFNQHVVZLGWK and length (Sauvage et al., 2000). A measure 
of fineness of a lamellar structure is the true lamellar spacing, that is, the perpendicular distance between the two 
lamellae. The value of the apparent lamellar spacing varies between the colonies and depends on the angle at 
which the measuring plane intersects the lamellae. The intercept distance is measured along a line lying in a plane 
having an arbitrary direction which is not necessarily perpendicular to the lamellae. In order to determine the 
average intHUFHSWGLVWDQFHVHYHUDOOLQHVRIDNQRZQOHQJWKDUHSURMHFWHGRQWRWKHVWUXFWXUHDWGLIIHUHQWDQJOHVDQG
the total length of the lines are then divided by the number of intersected cementite lamellae (Ridley, 1984). 
Electron micrographs show that the coarse and the fine pearlite structures behave differently during deformation 
(Porter et al., 1978). Pearlite which has fine lamellae exhibits larger plasticity than that in pearlite having coarse 
lamellae. It is assumed that the cementite lamellae in fine pearlite can sustain a larger plastic deformation as that in 
coarse pearlite (Langford, 1977; Gridnev et al., 1974; Porter et al., 1978). In coarse lamellar pearlite, 
comparatively FRDUVHVOLSRFFXUVLQWKHIHUULWHZKLOVWVOLSLQWKHFHPHQWLWHWDNHVSODFHQon-uniformly. In addition to 
this, entire pearlite colonies rotate during the deformation. The cementite lamellae can fracture which is assisted by 
the brittleness of the cementite lamellae (Porter et al., 1978). Rupturing leads to comparatively flat fracture 
surfaces.  
In fine pearlite, the deformation occurs by means of relatively uniform slip in both the ferrite as well as in the 
FHPHQWLWH ,Q D[LDOO\ RULHQWDWHG SHDUOLWH WKH FHPHQWLWH ODPHOODH DUH VR GXFWLOH WKDW QHFNLQJ RFFXUV&RQVLGHUDEOH
branchings of the lamellae accompany the deformation of pearlite colonies (Porter et al., 1978). 
 
1.2. Motion in pearlite 
The dislocation motion in coarse and in fine lamellar pearlite is also different. In coarse and in fine lamellar 
pearlite, a Pitsch-Petch and a %DJDU\DWVNL RULHQWDWLRQ UHODWLRQVKLS exists between the ferrite and the cementite, 
respectively. The phase boundaries between ferrite and cementite are on the (112) and the (2ത1ത5ത) planes in the fine 
and coarse pearlite, respectively. However, in the latter, no dislocation glide can occur %DJDU\DWVNL\3HWFK
1953; Pitsch, 1978). This leads to cementite branchings only being observed in fine lamellar pearlite. An elevation 
in the free surface energy in the increasingly thinner cementite lamellae leads to a destabilisation of the cementite 
during the deformation (Sauvage et al., 2000). The phase boundary surface area increases and the lamellar spacing 
decreases. The dislocation density at the phase boundaries increases and promotes the decomposition of the 
cementite (Li et al., 2011). On reaching a specific level of deformation, no further decomposition of cementite is 
observed (Li et al., 2011). 
2. Experimental method 
2.1. Objective 
In the following investigations, the influence of different heat treatment routines on the pearlite's lamellar 
structure is to be considered. On the other hand, the change in form of the cementite's lamellae, as a result of the 
progressive drawing deformation is to be characterised. The chemical composition of the wire material employed 
is given in Tab. 1. 
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Table 1. Chemical composition of pearlitic wire in mass percent. 
 C Mn Si P S Cr B 
Wire A and B 0.813 0.41 0.219 0.094 0.045 0.024 0.029 
 
2.2. Experimental procedure 
Prior to wire drawing, the two wires ZHUHDXVWHQLWLVHGTXHQFKHGDQGLVRWKHUPDOO\VRDNHGLQDVDOWKHDWLQJEDWK
Tab. 2 gives the corresponding heat treatment parameters. 
Table 2. Heat treatment parameters. 
 Austenitising 
temperature [°C]  
6RDNLQJ
time (s) 
Quenchant 6RDNLQJ
temperature (°C) 
6RDNLQJ
time (s) 
Wire A 850 900 salt 350 300 
Wire A 850 900 salt 370 300 
Wire A 850 900 salt 390 300 
Wire A 850 900 salt 480 300 
Wire B 850 900 lead 600 300 
 
7KH IRUP WKLFNQHVV DQG WKH FHPHQWLWH ODPHOODU VSDFLQJ ZDV electron microscopically (SEM and TEM) 
examined following specific drawing steps. Fig. 1 shows the drawing steps for wires A and B. The final drawing 
diameters obtained for wires A and B were 0.27 and 0.21 mm, respectively. In the following, the main focus of 
attention is on the lamellar structure of the smallest wire diameter. 
 
 
Fig. 1. Drawing steps for manufacturing thin wires for wire A (lower) and wire B (upper); the heat treatment according to Tab. 2 was performed 
IRUWKHGUDZLQJVWHSVPDUNHGLQ\HOORZ. 
2.3. Numerical modelling 
To numerically analyse the deformation of the multiphase pearlite colony, the following different initial 
dimensions of cementite lamellae and ferrite were used (Tab. 3). The details of the multi-scale FEM model 
employed were presented in Milenin et al. (2007, 2014).  
 
      Table 3. Variants of numerical simulations. 
Variant 7KLFNQHVVRIFHPHQWLWHODPHOODHQP 7KLFNQHVVRIIHUULWHODPHOODHQP 
a 40 15 
b 20 15 
c 40 8 
d 20 8 
 
To model the macro scale, a drawing pass was chosen having an initial wire diameter of 1.5 mm and a final 
diameter of 1.3 mm. A value of 0.03 was assumed for the friction coefficient. The micro scale was modelled along 
the deformation flow lines at distances of 1/4 of the wire's diameter measured from the wire's surface. The 
cementite's angle of inclination to the drawing direction at this position was assumed to be 28° based on the 
measurement of the lamellae mean gradient in the wire. The ratio of the mean stress to the loading stress of the 
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respective phase was selected as the characteristic parameter with which the stress state of the cementite or ferrite 
can be estimated. Cumulative shear stress was selected as the parameter which characterises the deformed state. 
3. Results 
3.1. Heat treating and wire drawing 
The TEM micrographs of wires A and B show the lamellar structure for wire diameters of 3.0 mm and 1.3 mm 
as well as the lamellar WKLFNQHVVHVDQG WKHLUspacings from each other (see Fig. 2). For a diameter of 3 mm, the 
FHPHQWLWHODPHOODHDUHXQLIRUPO\DUUDQJHGKDYLQJDWKLFNQHVVRIDSSUR[ nm and a spacing of approx. 240 nm 
from each other. As a consequence of progressive deformation, the lamellae for a wire diameter of 1.3 mm are 
visibly WKLQQHUKDYLQJDWKLFNQHVVRIDSSUR[QPDQGVSDFLQJVRIDSSUR[ nm from each other. In addition to 
this, branching lamellae and individual spherical carbides are visible. With the aid of SEM micrographs, Fig. 3 
depicts the lamellar structure for the final wire diameters of wires A and B of 0.27 mm and 0.21 mm, respectively. 
As a consequence of the heat treatment, the microstructures differ despite the almost comparable level of 
deformation. 
 
 
Fig. 2. Lamellar structure for wires A (a, b) and B (c, d) having diameters 3 mm (a ,c) and 1.3 mm (b, d). 
Fig. 3 a and b, show that wire A's cementite lamellae have fragmented. The lamellae have mDUNHGO\WKLQQHGDQG
branched. Individual cementite particles are prominent at several locations. It can be seen from Fig. 3, c and d, that 
the lamellae in wire B DUHPDLQO\XQIUDJPHQWHG7KH\DUHHVVHQWLDOO\WKLFNHUWKDQWKRVHLQZLUH$DQGDUHPDUNHGO\
branched. There are almost no cementite particles visible which protrude from the lamellae. Individual, round 
cementite particles can be seen which have detached from the lamellae. Accordingly, the fragmentation of the 
lamellae, and thus the formability of the wire, depends on the heat treatment. Since the lamellae in wire B exhibit a 
ODUJHU WKLFNQHVVDQG ORZHUIUDJPHQWDWLRQIROORZLQJGUDZLQJ WKHVHZLUHVFDQEHEHWWHUGUDZQ7KHGLIIHUHQWKHDW
treatments lead either to the formation of more orderly lamellae without fine carbide precipitates at the boundary 
between the cementite and ferrite matrix (Fig.3c and d), or to the formation of lamellae and spherulitic particles in 
the ferritic matrix (Fig.3a and b) (Schastlivtsev et al., 2002). 
 
 
Fig. 3. SEM micrographs of wire A, diameter 0.27 mm (a, b) and wire B, diameter 0.21 mm (c, d) at different magnifications; in contrast to wire 
B, A  shows very fine precipitates on the lamellar surfaces at high magnifications (deep etching using 2 % HNO3, in-lens electron detector). 
 
Using deep etching and by employing the in-lens detectors to depict the topology at high magnifications, it is 
possible to observe the lamellar branching. The branching of the cementite lamellae can be clearly recognised in 
Fig. 3d.  
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Tensile tests have been carried out to compare the mechanical properties of the wires, drawn after lead bath 
patenting at different temperatures. The temperature was varied between 320 °C and 600 °C. Subsequently, the 
wires were drawn to a cross-section diminution of 72.5 %. Wires treated at temperature less than 350 °C were not 
able to reach a cross-section diminution of 72.5 %. Comparing the wires treated with temperature between 370 °C 
and 480 °C no significant differences in the measured tensile strengths were observed. However, further steps of 
drawing revealed a higher plasticity by increasing the temperature. Only wires treated at temperature of 480 °C or 
higher, were able to reach a cross-section diminution of 97.8 %. 
 
3.2. Numerical investigation 
The results of the computed simulations show that: 
x During the deformation, tensile stresses occur in the ferritic matrix and the cementite lamellae; the 
magnitude of the stress increases with decreasing lamellar WKLFNQHVVDQGGHFUHDVLQJlamellar spacing 
x On reducing the lamellar spacing or the lamellar WKLFNQHVV WKH OHYHO RI VKHDU GHIRUPDWLRQ LV VOLJKWO\
reduced in the cementite.  
,QWKLVZD\WKHWHQVLOHVWUHVVLQWKHODPHOODHLQFUHDVHVZLWKGHFUHDVLQJODPHOODHWKLFNQHVVEXWWKHPDJQLWXGHRI
the shear deformation is lowered. The former reduces the ductility and the latter elevates the ductility. The 
tendency to disintegrate or branching the lamellae during the drawing process depends on the magnitude of each of 
these factors. 
4. Discussion 
4.1. Model of lamellar branching 
7KHGLVVROXWLRQRI ILQHSKDVHIUDFWLRQVZKLFK LQWKLVFDVHDUHUHSUHVHQWHGDVFDUELGHVKDVEHHQWKHREMHFWRI
various research activities for many years. Different theories exist for the decomposition of cementite in solidified 
microstructures. The extent to which carbides form, these can again dissociate due to various influences. One 
possible variation is the cutting of cementite lamellae by dislocation motion in which the carbon is dissociated 
from the carbide and accumulates around the dislocation. This effect is produced because the bonding enthalpy of 
the carbon to a dislocation in ferrite is greater than that to iron in cementite. Thus, the cementite is transformed into 
ferrite and interstitially dissolved carbon (Languillaume et al., 1997; Gridnev HWDO*DYULOMXNHWDO 
Another theory claims that the interphasal boundary surface increases due to the plastic deformation. This can 
occur by means of the cementite lamellae becoming thinner as a consequence of their deformation and exhibiting 
phase boundaries having increased surface areas. In this case, the attempt of the thermodynamic system to 
minimise the free energy of the phase boundaries can be considered as the activator for the dissociation of the 
cementite (Nam et al., 2000;  Hono et al., 2001; Languillaume et al., 1997). 
The decomposition of the cementite differs for coarse and fine lamellar pearlite. In both cases, the fraction of 
cementite is lower for increasing strain. The lamellar spacing plays a very important role whilst the VL]HRI WKH
colonies has no influence (Nam et al., 2000). In fine lamellar pearlite, the decomposition begins at a lower stress 
than that in coarse lamellae. It can be concluded from this that the cementite decomposition only then begins when 
the WKLFNQHVVRI FHPHQWLWH ODPHOODH KDV UHGXFHGEHORZDdefinite VL]H7KH FHPHQWLWH
V GHFRPSRVLWLRQ FHDVHV DV
VRRQDVWKHIUDFWLRQRIFHPHQWLWHVLQNVEHORZDVSHFLILFYDOXH7KLVFDQEHDWWULEXWHGWRDVDWXUDWLRQRIFDUERQLQWKH
dislocation at the cementite to ferrite boundary (Nam et al., 2000). According to Shin et al. (2000), the 
decomposition SURFHVV RI FHPHQWLWH RFFXUV PRUH TXLFNO\ DGMDFHQW WR GLVORFDWLRQ VWUXFWXUHs. These lay on the 
cementite planes (101) and (103). The decomposition of the cementite leads to the formation of the characteristic 
layer formation and to partially dissolved lamellae. Thus, the facilitated outward flow of carbon into the ferrite 
leads to the formation of thin ferritic layers in the cementite lamellae and thereby to the branching (Shin et al., 
2000). The longer the lamellar structure is maintained during the deformation, the more difficult their 
decomposition becomes. By continually decreasing the lamellar spacing, there is even less space for dislocations to 
pile up in the ferULWHEHWZHHQWKHFHPHQWLWHODPHOODH,]RWRYHWDODQGLWLVQRWSRVVLEOHIRUWKHPWRRULHQWDWH
themselves transverse to the lamellae. Thus, the piled-up dislocations lay longitudinal to the cementite lamellae 
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GLUHFWLRQ DQG FDQQRW FDXVH FUDFNV DFURVs the lamellae. Instead of this, they form longitudinal openings in the 
cementite lamellae which thereby become thinner and more branched. In coarse lamellar pearlite, the dislocations 
have sufficient space available between the lamellae to pile-up transversally and to fragment the lamellae. 
$FFRUGLQJWR<(VWULQXQG(5DENLQHGJHGLVORFDWLRQVSOD\DPRUHLPSRUWDQWUROHWKDQVFUHZGLVORFDWLRQV
for diffusion along dislocations. Since the wire is stretched during its drawing, deformation also occurs in this 
direction. For this reason, the dislocations' Burgers vector lies in the longitudinal direction and the dislocation line 
is perpendicular to it. Owing to the drawing process, the cementite lamellae also align themselves in the 
longitudinal direction and thereby lay perpendicular to the dislocation lines. The diffusion processes now occur 
DORQJWKHVHOLQHV7KXVWKHFDUERQIURPWKHFHPHQWLWHODPHOODHFDQEHGLUHFWO\WUDQVSRUWHGLQWRWKHDGMDFHQWIHUULWLF
layers.  
5. Conclusion 
The measurements of the lamellae spacings following various drawing passes have shown that the lamellae 
become finer and branching with increasing reductions in wire diameter. The type of heat treatment influenced the 
form and dimensions of the lamellae and the occurrence of fine carbides. A model was presented to illustrate 
lamellae branching as a result of drawing by WDNLQJLQWRDFFRXQWGLVORFDWLRQPRYHPHQWV)XUWKHULQIOXHQFHVVXFK
carbide formation due to heat treating, are to be investigated in continuing studies.  
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